Abstract -Colonies of social insects make numerous group decisions about foraging, nest maintenance, and reproduction. Queen production is a task whereby a colony's workers may exercise choices over which individuals to rear as gynes (unmated queens) and which gynes will survive to ultimately become queens. Here we assess the potential for how colonies of highly eusocial bees may exhibit such group decisions by reviewing the behaviors of stingless bee and honey bee workers during the gyne rearing, emergence, and elimination stages of queen production. We demonstrate that although the specific mechanisms whereby such decisions are manifested may vary among the taxa, there is a high potential for group decision making during queen production in eusocial bees. Given the importance of a queen to the inclusive fitness of all nestmates, such group decisions are likely to have a profound influence on the reproductive success of highly eusocial bee colonies. We briefly entertain the evolutionary mechanisms that may have shaped these group decision-making processes.
INTRODUCTION
Most colonies of highly eusocial bees (Meliponinae, Apinae) have only one queen for the majority of their life cycle (Wilson, 1971) . Multiple gynes (unmated queens), however, may temporarily coexist within a colony during queen replacement or reproductive colony fission (also known as "swarming"). During these two events, colonies typically produce more gynes than are needed to serve as queens for the parent and offspring colonies, thus the excess gynes are eliminated from the colony by a variety of means (Michener, 1974) . The processes whereby gynes are reared and queens are chosen from among the available gynes (hereafter referred to as 'queen production') are undoubtedly targets of natural selection because queens are of great importance to the inclusive fitness of all colony members. In this review we consider queen production as an adaptive group decision made by the workers of eusocial bee colonies.
The primary objective of this paper is to review the mechanisms by which highly eusocial bees, specifically stingless bees (tribes Meliponini and Trigonini) and honey bees (genus Apis, primarily A. mellifera), make group decisions during queen production. We focus on two group decisions: which brood is reared as gynes and which gynes survive to become queens. For each stage of the queenproduction process (gyne rearing, gyne emergence, gyne elimination) we evaluate the potential for group decisions by the workers and examine the evidence for worker involvement. By "group" we mean either all the workers of a colony or closely related groups of workers within the colony (i.e., patrilines); we do not discuss spatial or task-related groups of 208 D.R. Tarpy, D.C. Gilley workers because natural selection is less likely to act on groups at these levels (see Discussion) .
The behavior of the workers during queen production is relatively well known for honey bees (reviewed by Winston, 1987) , but is less well known for stingless bees, largely because the taxon includes many species with diverse behavior. However, group decision making during queen production is as likely for the workers of stingless bee colonies as for honey bee colonies, thus we consider them where available knowledge permits. We also wish to acknowledge that the behavior of gynes themselves can have an influence on the outcome of queen production. For example, honey bee gynes often produce audible 'piping' sounds that delay the emergence of other mature gynes (Simpson and Cherry, 1969; Bruinsma et al., 1981) and production of this signal is correlated with a gyne's probability of survival (Schneider and DeGrandi-Hoffman, 2003) . There are numerous other examples (Post et al., 1987; Page et al., 1988; Imperatriz-Fonseca and Zucchi, 1995; Bernasconi et al., 2000; Gilley, 2001; Tarpy and Fletcher, 2003; Schneider and DeGrandi-Hoffman, 2003; Tarpy et al., 2004 ), but we focus our review on the workers because as a result of their numerical majority, they ultimately have the power to decide the outcome of queen production.
GYNE REARING

The potential for group decision making during gyne rearing
Gyne rearing is a complex, time-consuming task that requires extensive cooperation among a colony's workers. Most stingless bee colonies produce gynes continuously throughout the year (Roubik, 1989; Engels and Imperatriz-Fonseca, 1990 ). For example, in Melipona favosa and M. trinitatis, gynes comprise, on average, approximately 5% of a colony's female population, although their relative proportions may vary from month to month (Sommeijer et al., 2003c) . Honey bee colonies, however, rear relatively few gynes (about 5-25) and only under certain conditions, namely during annual colony reproductive fission or following queen loss or failure (known as "emergency queen rearing" and "supersedure", respectively; reviewed by Winston, 1987) . Gyne rearing begins when workers construct special cells in which gynes will develop. In stingless bee colonies, workers mass provision these "royal" cells with brood food through a highly ritualized provision and oviposition process, or POP (see reviews by Michener, 1974; Sakagami, 1982 ; see also Toth et al., 2002; Toth et al., 2003) . Workers seal the cells shortly after the queen oviposits, so that the entire process of cell provisioning, oviposition, and cell closure occurs within approximately 10 minutes. In honey bee colonies, workers continually provision royal cells with royal jelly, and the cells are sealed with wax 24 hours before the developing gynes pupate. The total development time of a gyne is approximately 15-16 days for honey bees (DeGrandi-Hoffman and Watkins, 1998) and several weeks for most stingless bee species (Roubik, 1989) .
The time required to rear gynes gives workers the opportunity to decide as a group which developing larvae or pupae are given an advantage over others to become gynes (Tab. I). Before a royal cell is sealed, the workers can manipulate a developing gyne's nutrition by altering the quantity or quality of her provisions. Gyne larvae that are provided with more or higher-quality food may have a better chance of becoming a gyne. Group decision making before cell capping is more likely for honey bees than for stingless bees because workers continually feed gyne brood rather than mass provision them. After a royal cell is sealed, the workers can affect the development of the occupant by altering their incubation behavior. Gyne brood is highly sensitive to temperature (DeGrandi-Hoffman et al., 1993; Bujok et al., 2002) , thus pupae whose cells are maintained at an ideal temperature may have a better chance of becoming a gyne than those that are not. The workers can also decide to destroy a royal cell at any time during the gyne-rearing process.
Evidence for group decision making during gyne rearing
Strong evidence for a group decision during gyne rearing would consist of both Group decision making during queen production 209 (a) a demonstration of differential treatment of gyne-destined eggs, larvae, or pupae by the workers, and (b) a demonstration that such treatment affects which individuals successfully emerge as adults. There is virtually no evidence for either condition in stingless bees, largely due to a lack of available studies on the topic. However, there is ample evidence for both conditions in honey bees. First, honey bee workers do not incubate all royal cells at the same temperature. Queen cells that are located at the periphery of the brood nest experience lower temperatures, which negatively affects their development (DeGrandi-Hoffman et al., 1993) . However, this differential treatment of royal cells might be a result of the spatial dynamics of workers within a nest, and may not indicate group decision making. Second, during the incubation period, workers often "shake" royal cells (known as the vibration or shaking signal; see Schneider and Lewis, 2004) by vibrating their bodies dorsoventrally for 1-2 seconds at approximately 16 Hz (Fletcher, 1978; see Seeley et al., 1998) . Some cells are shaken as much as three times the rates of other cells (Fletcher, 1978) , but shaking rate is not associated with emergence success (Schneider et al., 2001) . However, royal cells that are initiated earlier in the gyne-rearing process are visited, incubated, and shaken more often and have greater emergence success than cells initiated later (Schneider and DeGrandi-Hoffman, 2002) . Together, these findings suggest that shaking rates do not affect emergence success directly, but rather covary with other determinants of emergence success. Third, honey bee workers destroy royal cells non randomly. During 'emergency queen rearing', the probability that workers tear down a fully constructed royal cell depends on the age of the brood around which the cell is built (Hatch et al., 1999; Schneider and DeGrandi-Hoffman, 2002) . Because queen reproductive quality is a decreasing function of the age of a larva when it is initially reared as a queen (Woyke, 1971; Gilley et al., 2003) , this suggests that workers may selectively destroy cells that contain lesser-quality gynes to raise the average reproductive quality of surviving gynes (Hatch et al., 1999) . The absolute age of worker brood from which gynes are reared also affects the chance that Table I . A summary of the potential mechanisms of group decision making that are exhibited by stingless bee and honey bee workers during the gyne rearing, emergence, and elimination phases of queen production. (Tarpy et al., 2000) . Finally, there has been a concerted effort to document nepotism during gyne rearing in honey bees (reviewed by Breed et al., 1994; Visscher, 1998; Tarpy et al., 2004) . The differences in relatedness among different subfamilies within colonies create the potential for workers to bias gyne rearing in favor of super-sister gynes (G = 0.75) over half-sister gynes (G = 0.25). Although some studies have demonstrated significant biases towards certain gynes, the collective evidence suggests that little if any bias is manifested towards super-sisters. Nevertheless, it appears that there is good evidence that workers make group decisions during the gyne rearing process.
GYNE EMERGENCE
Highly eusocial bee workers often confine, or "imprison", fully developed adult gynes at or near the time of their emergence. In many Trigona species, workers construct prisons of cerumen around gynes soon after they emerge (reviewed by Sakagami, 1982; ImperatrizFonseca and Zucchi, 1995) . The workers feed a gyne through an opening in the prison and do not allow the queen or aggressive workers to approach. In some species, gynes facilitate this process by entering empty storage pots that the workers turn into prisons, or by helping to construct the prisons themselves. Other genera in the Trigonini (e.g., Celetrigona and Leurotrigona) form a prison of adult workers that encircles a gyne to form a dense barrier that moves with her. Honey bee workers often imprison gynes for days in the cells in which they develop, feeding them through slits cut into the cell cap (Huber, 1792; see Mangum, 1998) . Workers in the Melipona do not imprison adult gynes in any way (ImperatrizFonseca and Zucchi, 1995) .
The adaptive significance of gyne imprisonment is not well understood, but it is an ideal opportunity for the workers to compare mature gynes and decide as a group which they will allow to become queens (Tab. I). Some evidence suggests that honey bee workers may exercise such decisions. For example, worker shaking of imprisoned gynes increases over time (Fletcher, 1978) and is positively associated with the emergence order of gynes within a colony (Schneider et al., 2001) . Moreover, workers can control when gynes emerge from their prisons (relative to other gynes) by adding or removing wax from the cell caps (Simpson and Cherry, 1969; Grooters, 1987; Gilley, 2001) . The timing of emergence is closely linked to a gyne's survival (Gilley and Tarpy, unpublished data) , and thus may be another mechanism for group choice of queens by honey bee workers. Finally, the rate at which honey bee workers visit imprisoned gynes is associated with the degree of kinship between the imprisoned gyne and the worker (Schneider and DeGrandi-Hoffman, 2002) . This suggests that workers may bias queen production in favor of more-closely related gynes. Nonetheless, more studies are needed to determine how workers may regulate gyne emergence and whether particular gynes are preferentially imprisoned or released.
GYNE ELIMINATION
The potential for group decision making during gyne elimination
There are many opportunities after gynes emerge (either from their cells or prisons) for the workers to decide as a group which ones will become queens. During the gyne elimination stage of queen production, the total number of gynes is reduced to however many are needed as queens. Gynes are eliminated from a colony by several means (Fig. 1) . First, they can be killed by the workers. This mechanism of elimination occurs frequently in stingless bees (Michener, 1974; ImperatrizFonseca and Zucchi, 1995) but does not occur at all in honey bees under these circumstances (Gilley and Tarpy, unpublished data) . Second, they can be killed by rival gynes during lethal fights or 'duels' (Gilley, 2001 ). Third, they can be killed by emerged rival gynes before they emerge from their cells. Such 'queen assassinations' (Gilley, 2001 ) occur frequently in honey bees (Gilley and Tarpy, unpublished data) but have not been reported in stingless bees. Finally, gynes may depart their natal nest to start their own colonies via reproductive fission ("swarming"). In stingless bees, gynes leave the colony and the mother queen remains in the natal nest, whereas in honey bees, gynes may depart the colony in secondary swarms after the mother queen has already departed in the prime swarm. Melipona gynes may also depart their nest solitarily (Sommeijer et al., 2003b) and usurp a foreign colony (Sommeijer et al., 2003a) . In any event, leaving the nest is inherently risky for an unmated queen since the probability of survival can be very low (Seeley and Visscher, 1985; Roubik, 1989; Sommeijer et al., 2003a) . Gynes that survive the elimination process may either leave the nest (see above) or replace their mother queen and inherit the colony.
The workers could influence (or determine, in the case of worker-gyne assassination) what happens to particular gynes through their extensive interactions with them during this phase (Tab. I). Both stingless bee and honey bee workers typically bite, chase, and grab gynes soon after they emerge (Sakagami, 1982; Imperatriz-Fonseca and Zucchi, 1995; Gilley, 2001) . In Melipona beecheii, gynes that are grabbed and pulled by the workers are killed by them within 20 hours of emergence (van Veen et al., 1999) . In other stingless bees, anywhere from a few to dozens of workers may completely dismember virgin queens by twisting off their heads and other body parts (Michener, 1974; Sakagami, 1982; Koedam et al., 1995) , and then deposit their remains in the waste dump (Imperatriz-Fonseca and Zucchi, 1995) . The harassment of gynes by honey bee workers never results in the death of the gynes (Gilley and Tarpy, unpublished data) . However, honey bee gynes are sometimes immobilized by clusters of workers (known as "balling"; Walton and Smith, 1969; Ambrose, 1975; Lensky et al., 1991; Pettis et al., 1998) , which might make gynes easier to sting by rivals during gyne duels (Gilley, 2001; Tarpy and Fletcher, 2003) . Honey bee workers also frequently shake emerged gynes, as they do royal cells (see above ; Fletcher, 1975; Schneider and DeGrandi-Hoffman, 2003) . The workers of both stingless bees and honey bees also interact with gynes through trophallaxis, grooming, and antennal contact (Michener, 1974; Sakagami, 1982; Koedam et al., 1995) , though the rates of these interactions are relatively low in honey bees (Gilley, 2001 ). All of these worker-gyne interactions could affect the fates of the gynes and thus may represent group decisions over which gynes survive to become queens and which do not.
Evidence for group decision making during gyne elimination
There is conflicting evidence over whether worker-gyne interactions bias the outcome of gyne elimination in favor of certain individuals. van Benthem et al. (1995) demonstrate that gynes of the morphologically primitive Figure 1 . A flow diagram of the gyne elimination process in highly eusocial bee colonies. Gynes may be killed by workers (stingless bees only), or they may be killed by rival gynes during fights (duels) or while imprisoned (assassinations). Gynes that survive the elimination process may either leave the nest or replace the mother queen in the natal nest and inherit the colony. Those that leave the nest depart in swarms or, in the case of some Melipona gynes, leave solitarily to possibly take over a foreign colony.
Plebeia remota interact extensively with the workers once they emerge from their cells. Those gynes that are not killed immediately are often imprisoned (see above), but it is unclear if certain gynes are chosen to be killed or left alive and on what basis. Gynes are produced continuously, perhaps as a means to constantly test the quality of the mother queen and replace her with a daughter of higher reproductive quality (van Benthem et al., 1995) . There is evidence for differential treatment of gynes in Melipona beecheii, where gynes that inflate their abdomens for longer durations are more attractive to workers and are eliminated significantly less often (van Veen et al., 1999) . Abdomen inflation may release a pheromone that indicates a gyne's reproductive potential, and so the behavior may be an honest signal of her quality. Honey bee gynes survive duels more often if they are related to the workers of the colony (Tarpy and Fletcher, 1998) and if they are older than their rivals (Tarpy et al., 2000) , suggesting that workers may bias the outcome of gyne duels. However, aggressive interactions are not the mechanism for biasing fights in favor of more-related gynes, since workers aggress half-sister and super-sister queens at equal rates (Gilley, 2003) . Also, honey bee gynes that receive more shaking signals survive longer and are less likely to be eliminated by their rival gynes (Schneider and DeGrandiHoffman, 2003) . However, when gyne quality is manipulated experimentally, the workers show no change in their rates of aggressive or non-aggressive interactions towards gynes of lower reproductive potential . Together, the current evidence indicates that the workers may bias the outcome of gyne elimination, but it is unclear by what mechanisms the workers are exerting their decisions.
DISCUSSION
Our review highlights how workers of highly eusocial bees may exercise choices during the various stages of queen production (Tab. I). Workers may affect the development of certain gynes by differentially feeding, incubating, or destroying royal cells. They may also determine how gynes are introduced into the nest proper by constructing prisons and regulating their emergence from royal cells. Finally, workers may govern the gyne elimination process by differentially killing certain gynes or biasing the outcomes of fatal gyne-gyne interactions.
While the main objective of this review is to highlight the proximate mechanisms that workers may use to exercise group decisions over queen production, here we briefly entertain some of the evolutionary implications of such decisions. Roubik (1989) states that "excessive queen production is necessary…not just to ensure that a queen is available to supersede the mother queen or to form a new colony, but that a particular queen genotype may be selected by the workers or other agents" (his italics). The most logical factor upon which workers may base their decisions is the potential reproductive quality of gynes. Natural selection is likely to favor those colonies that retain the most fecund gyne from among those available. Thus colony-level selection is likely to favor nestmate behaviors that promote the choice of high-quality queens over low-quality queens. By extension, natural selection is expected to favor colonies that maximize their fitness by producing the highest possible number of surviving daughter colonies. Visscher (1993) demonstrates that important ecological factors, such as the probability of colony survival, shape the reproductive decisions of colony members to collectively produce the optimal outcome of reproductive events. Selection acting at the individual level, however, may cause colony members to have conflicting interests over which gynes survive to become queens. Kin selection theory predicts that individuals will behave in such a way as to maximize their genetic contribution to successive generations (Hamilton, 1964;  reviewed by Crozier and Pamilo, 1996) . Peters et al. (1999) use a simple kin selection model to demonstrate that reproductive conflict is expected to be low within stingless bee colonies, largely because their queens are predominantly monandrous (Strassmann, 2001) . Single mating causes the individual and group interests over which gyne to become the next queen to be aligned among the workers. Within honey bee colonies, however, the potential for conflict is expected to be much higher because their queens are highly polyandrous (Tarpy and Nielsen, 2002) . Multiple mating can cause the individual and group interests to be in opposition over which gyne or gynes will survive. The relative magnitude of conflict and cooperation within colonies, therefore, depends on various genetic and ecological factors (Visscher, 1993) and the selective pressures acting at the individual and colony levels (Keller and Reeve, 1999; Tarpy et al., in press ).
These considerations enable predictions to be made about group decision-making processes during queen production (see also Visscher, 1993) . First, stingless bee colonies are expected to choose gynes non-randomly, selecting those with high reproductive potential over those of lower quality. Such cooperation is expected because their workers presumably lack conflict over gyne production as a result of their common genetic interests. By extension, stingless bee colonies headed by polyandrous queens (see Paxton et al., 1999 ), although relatively rare, might be expected to have increased conflict over queen production. Second, the conflict of interest between workers and gynes is expected to be greater as the number of potential queens increases (Visscher, 1993) . This may explain, at least in part, why stingless bee workers often kill gynes but honey bee workers allow gynes to kill each other. Third, worker-gyne conflict over queen production is expected to increase as more reproductive opportunities are available (Visscher, 1993) . In honey bees, aggressive behaviors of workers toward gynes seems to occur mainly when a colony is prepared to issue one or more afterswarms (Gilley and Tarpy, unpublished data) , suggesting that these behaviors are used to formulate collective decisions during queen production. Finally, if honey bee workers exhibit nepotism during gyne production, it would suggest that individual-level selection is predominant; if colonies primarily exhibit cooperation to raise highquality queens, it would suggest that colonylevel selection is predominant (Tarpy et al., 2004) .
We have yet to fully understand the queen production process in highly eusocial bees, as evidenced by the number of uncertainties in Table I . This is particularly true for stingless bees, since their diversity and breadth of behavior make it difficult to draw general conclusions about them. Nonetheless, insights into queen production will enable future efforts in determining why colonies of social bees chose particular queens over others, and how such decisions have been shaped by natural selection.
ACKNOWLEDGMENTS
We would like to thank Koos Biesmeijer and Judith Slaa for making comments and suggestions on the manuscript. Funding for DRT was provided by NSF grant IBN-973-4181 and USDA grant 03-1441, and to DCG by NSF grant 0104929. Les abeilles sans aiguillon comme les abeilles mellifères peuvent influer sur le développement des reines en variant l'incubation, en interagissant avec les cellules royales et en les détruisant avant l'éclosion. Comparée aux abeilles mellifères, dont les ouvriè-res nourrissent continuellement le couvain femelle, la décision collective de décider quels individus seront élevés en reine est moins probable chez les abeilles sans aiguillon, parce que celles-ci ferment les cellules royales après les avoir approvisionnées totalement. Il existe de bonnes preuves de traitement différentiel chez les abeilles mellifères, pas chez les abeilles sans aiguillon, mais ceci est vraisemblablement dû à un manque d'études sur le sujet. Les abeilles sans aiguillon, comme les abeilles mellifères, régulent l'éclosion des reines dans le nid. De nombreuses espèces de Meliponini construisent des « prisons » avec des matériaux du nid ou avec des ouvrières adultes qui encerclent la reine et restreignent ses mouvements. Les reines d'abeilles mellifères peuvent aussi être emprisonnées dans les cellules où elles se développent. La capacité des ouvrières à agir sur l'éclosion des reines reste mal comprise et les preuves d'une décision collective restent limitées. Après avoir éclos, les reines peuvent soit quitter le nid, soit y rester. La plupart des reines qui ne quittent pas le nid sont tuées soit par les ouvrières, soit par leurs rivales (Fig. 1) 
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